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ABSTRACT. Using the baculovirus/Sf9 cell expression system, we have incorporated®8emriched
[o,e-1N]-L-lysine into the rod visual pigment rhodopsin. We have subsequently investigated the protonated
Schiff base (pSB) linkage in thet[e-1*N;]Lys—rhodopsin with cross-polarization magic angle spinning
(CP/MAS) >N NMR. The Schiff base (SBYN in [o,e-1®N;]Lys—rhodopsin resonates with an isotropic
shift oy of 155.9 ppm, relative to 5.6 NPNH,CI. This suggests that the SB in rhodopsin is protonated and
stabilized by a complex counterion. TB&# shifts of retinal SBs correlate with the energy difference
between the ground and excited states and the frequency of maximum visible absorhanassociated

with the 7—x* transition of the polyene chromophore. Experimental modeling of the relation between
the vmax @and the size of the counterion with a set of pSBs provides strong evidence that the charged
chromophore in rhodopsin is stabilized by a counterion with an estimated effective-eestégr distance

(der) between the counterion and the pSB of 043.01 nm. While selected prokaryotic proteins and
complexes have been labeled before, this is the first time to our knowledgefizNatabeled eukaryotic
membrane protein has been generated in sufficient amount for such NMR investigations.

Bovine rhodopsin is a prototype for the vertebrate visual 8). It is stabilized by the protein environment near the Schiff
pigments that initiate the visual transduction cascade. It base (SB).
serves as a paradigm for the superfamily of G-protein- The purpose of this study is to analyze the hydrogen-
coupled receptors. Rhodopsin is a seven-transmembranéonding environment of the SB in rhodopsin via the
segment protein of 348 amino acid residues that is localized determination of the isotropié®N chemical shift, which
in the disk membranes of the rod outer segmént4). The  provides specific information on its chemical and electronic
main optical absorbance band at 498 nm originates from thestructure. In particular, the shift is very sensitive to the atomic
ligand or chromophore, 1ldis-retinal, which is covalently  charge density, which depends on the mutual polarization
bound to the protein via a protonated Schiff base linkage effects between the positively charged protonated Schiff base
with Lys296. In the ground state, the chromophore is (pSB) and the negative counterion chargelQ). It has been
positively charged by protonation of the Schiff base nitrogen. established recently for bacteriorhodopsin and a series of
The charge is delocalized into the polyer®. (This delo- model compounds that tHe&N shifts can be used to estimate
calization of the positive charge into the polyene disturbs the effective centercenter distance d¢s) between the
the bond order alternation pattern generally present in counterion and the pSB nitrogefl( 12).
polyenes, forming a conjugation defect close to the Schiff  cp/MAS NMR techniques provide increasingly more
base nitrogen€). This is a predominant factor in determining - powerful tools for structural and structuréunction analysis
the electronic structure and energy levels in the ground andof membrane proteins. If labeling of the protein with stable
excited states. In addition, it contributes to the ultrafast NvR isotopes is feasible, CP/MAS NMR can be used to
photoisomerization of the 1disto theall-transform of the  prope the electronic structure for specific target sites in these
retinylidene chromophore after absorption of a photén ( macromolecules. Recently, we accomplished large-scale
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the Schiff base by the counterion environment, we have spectrometer operating with'aN frequency of 40.561 MHz
incorporateddt,e-15N,]-L-lysine into rhodopsin and analyzed at a temperature of 210 K. Standard cross-polarization/magic
the labeled pigment by CP/MABN NMR (16). On the basis  angle spinning was employed with proton decoupling during
of empirical correlations between optical transition energies acquisition and a recycle delayf d s (20). For the

and 1.4 for 11<cisretinylidene Schiff base model com- experiment, approximately 8 mg af k-1*N]Lys—rhodopsin
pounds in solution 17), we propose a simple scheme for was loaded i a 7 mm MASCRAMPS rotor. All*5N data
relating the nitrogen shift tder, along the same line as has are externally referenced to 5.6 MNH,CI in H,O. All
been done previously for bacteriorhodopdif, 12). We find manipulations with rhodopsin were carried out in the dark.
a nominalderr between the counterion and the pSB of 0.43  Measurement of U¥Vis Absorbance Spectr&JV—vis

+ 0.01 nm, which suggests a counterion environment similar gbsorbance spectra were recorded on a Varian DMS-200
to the one in bacteriorhodopsin, probably a complex coun- spectrophotometer in the range of 3000 nm. The pSBs

terion @, 10). were measured as a solution in dry chloroform.
MATERIALS AND METHODS Data Anglysis The IGOR Pro software package from
Wave-Metrics, Inc. (Lake Oswego, OR), was used for the
Preparation of fr.e-**N;]Lysine-Labeled Rhodopsifue- linear least-squares fits and corresponding error analysis.
N]-L-Lysine was obtained from &Corynebacterium  NMR data processing was performed with the XWIN NMR
glutamicunfermentation broth that was grown witti{H,).- version 2.1 software from Bruker Analytik GmbH (Karlsru-

SO, as the sole nitrogen sourck8j. The ¢°NH,4),SO, was he, Germany).

prepared from 99%“N-enriched **NH,OH (Cambridge

Isotope Laboratories, Andover, MA) by titration with sulfuric RESULTS AND DISCUSSION

acid. After purification over an ion-exchange resin (AG ] ] ]

11A8, Bio-Rad Laboratories, Richmond, CA), the component _ 1here is converging evidence that the net charge of the
purity of the o,e-15Nz]-L-lysine was verified withH, 13C, binding pocket in the bovine rhpdopsm is zero_yvlth a Glul13
and 5N solution NMR spectroscopy as better than 99% carboxylate group compensating f_or the positively charged
which was sufficient for the protein labeling studies, chromophoreZ1-24). The Glu113 is thought to be located
15N,]Lysine-labeled rhodopsin was produced with a C- close to the @—Cy3 segment of the retinylidene chro-
terminal His tag using the recombinant baculovirus in Mophore B5). It has been proposed that the Glull3
combination with the Sf9 cell line (ATCC CRL-1711), via carboxylate side chain relays to the'Schlff base nitrogen by
a similar procedure used for @t tyrosine labeling 15). a hydrogen-bonded network involving one or more water
For the Lys labeling5 L cultures were used and an additional Molecules 26, 27). Such a complex counterion construction
4 mM [o,e-15N,]-L-lysine was added to a customized, serum- Providing a hydrogen-bonding connection to the Schiff base

free, and protein-free medium partially depleted.itysine nitrogen has also been identified and mapped in the prokary-
(Biowhittaker, Walkersville, MD). Total membrane protein Ofic retinal membrane protein bacteriorhodopsé 10).
fractions were hydrolyzed in vacuo Wwis N HCI at 110°C Here, proton transfer takes place from the Schiff base to

to generate free amino acids. Subsequent-GIS analyses Asp85, Iec_';\ding toa _prot(_)n release to the extracellular surface
revealed a reproducible 68 3% level of incorporation of ~ Of bacteriorhodopsin via a hydrogen-bonded network  of
[a,e-1N]-L-lysine in the protein. After harvesting of the several water moIecuIeQ&—S;_)._lt probably is an important
cells, the chromophore is added immediateh8)( The cpnserved e_Iement_ for stab|!|zmg a pSB by allowing for a
labeled rhodopsin was purified by IMAC using superflow high-dielectric medium provided by a strongly hydrogen-
Ni2*—NTA agarose (Qiagen, Hilden, Germany) and recon- _bonded network that effectively separates the positive charge
stituted into bovine retina lipids, following the previously N the chromophore SB from the negative counterion charge
published procedurel8). Two 5 L culture batches generated (9, 10).
about 25 mg of functionally activexfe-15N.]lysine-labeled The CP/MAS ™N NMR spectrum of {e-2NgJLys—
rhodopsin with a level of incorporation afi[e-'*N]-L-lysine  rhodopsin collected with a spinning speed2 of 4 kHz
of 62%. After extensive purification, 10 mg of labeled is shown in Figure 1. The response withoaof 8.4 ppm
rhodopsin was finally obtained as>#895% pure sample in ~ represents the signal from teemino groups of the 10 lysine
the native membrane environment. residues that are not involved in the Schiff base linkage. The
Preparation of 11-cis-pSB4&1<is-Retinylidene pSBs were  shift anisotropy of thé>NH3" group is very small, less than
prepared and manipulated under dim red light at a temper-12 ppm, and nearly the entire signal is in the MAS center
ature of no higher than-20 °C. SBs were synthesized band @2). The broad line around & of 93.3 ppm with
overnight by stirring 2 equiv of butylamine with kis-retinal sidebands at 191.9 antb.3 ppm derives from the backbone
in anhydrous diethyl ether in the dark a20 °C over 4 A peptide bonds. This includes tHeN signals from labels
molecular sievesl@). Evaporation of the excess of buty- incorporated in the lysine residues, as well as the response
lamine and ether yielded the desired SB. Protonation of the from the natural abundancéN in all other amino acids.
SB was achieved by adding 2 equiv of an aqueous solutionAlthough there are 11 lysine residues with both nitrogens
of the hydrogen halide HCI, HBr, or HI to a solution of the ~ labeled, the signal of the SBN is easily resolved at 155.9
SB in diethyl ether at-20°C (12). Evaporation of the solvent ~ ppm (L6). The ratio of the signal intensities at 155.9 and 8.4
yielded a dark solid, which was redissolved in chloroform ppm s 1:10, in line with the ratio of 1&amino lysine groups
immediately and analyzed by UWis absorbance spectros- for every pSB nitrogen.
copy. The isotropic shift of the!™>N Schiff base signal in
CP/MAS'N NMR For the CP/MAS NMR, data were rhodopsin at 155.9 ppm clearly is in the range for pSBs.
collected over the course of 24 h using a Bruker MSL-400 CP/MAS*N NMR analyses of protonate¢flN]retinylidene-
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FiGURE 1: CP/MAS N NMR spectrum of §,e-1N,]Lys— g | BB NS
rhodopsin. Thé5N data are externally referenced to 5.6'NIH4-
Cl in H,O. The center band of the peptide backbone is denoted »
with an arrow. The signal of th&N Schiff base is denoted with | — , , , | |
an asterisk. 8.0 75 7.0 6.5 6.0 5.5 50 45

Ud (10747
imine model compounds yield chemical shiftsef65 ppm. _ _ _
In contrast, model compounds with an unprotonated Schiff FIGURE 2: Relation ofvmax (frequency of maximum absorbance in
base give rise to signals aroune315 ppm 83). A pSB is the visible range) of the indicated salts of protonated retinylidene

. - . - .. Schiff bases with butylamine with dds? in solution (this work)
also consistent with the absence of intense rotational sideynq i the solid statelt, 12). Plus signs represent Kisretinal

bands. For an unprotonated Schiff base, strong side bandjerivatives dissolved in chloroform [(X, 1dis)], diamondsall-
intensities can be expected for a spinning spegdr of 4 transretinal model compounds dissolved in chloroform [(X, AT)
kHz, with intensities approximately equal to that of the center (17), and trianglesll-trans-retinal derivatives in the solid state [(X,

N : : ; AT)4 (11). The solid lines represent the linear least-squares fits to
band 83). The ™N isotropic chemical shift of 155.9 ppm bothS sets of data. The dashed line corresponds withrfheof the

probably presents the most direct evidence for a protonatedysg in rhodopsin. The intersection of the dashed line with the solid

state, and corroborates converging evidence fi@chemi- provides estimates for dds2 in rhodopsin.
cal shifts, resonance Raman scattering, optical absorption, o
and photochemical behavior. ration around the G=C,, bond has only minimal effect on

Following an initial brief report 16), we here aim at a  the energy of this electronic transition. This is in line with
semiquantitative analysis o via the detection of mutual ~ Very small differences<8 nm) betweerall-trans and cis
po|arization effects between the positive|y Charged po|yene isomers of retinOI, 3'dehydr0retin0|, retinal, 3'dEhydr0retinal,
SB and the negative counterion charge. ¢ chemical ~ and retinaldehydeoxime in ethanol or hexaBé)(
shift of the pSB measures the charge delocalization into the The data confirm the linear relation between thg.x
retinylidene moiety and is linearly correlated to the frequency Values of the 1kis compounds and @, leading to an
of the main electronic transitiom,a (11, 12). For a wide ~ €xpression for the distance (eq 2)
range of model compound data and measurements with

.Y,
bacteriorhodopsini(l), an empirical correlation ot = 24.17P o — (1.70x 10%] 7 (2)
o, For comparison, we have included in Figure 2 dataalbr
=431x 103 Q) transpSB in the solid state. These data obey the linear
Vinax T (1.52x 107) correlation in eq 3
was deduced between th&\ isotropic shifto; of the pSB ot = 36.390 — (1.27 x 10°] 12 (3)

andvmax For rhodopsin, @, of 155.9 and a/max 0f 20 080
cm ! yield a coefficient of 4.42x 1073, very close to the  Similar correlations have been demonstrated also foalthe
statistical average of 4.3% 1072 presented in eq 1. trans and 13eis isomers in the solid state, which were put
Since rhodopsin also follows this empirical correlation, forward as an appropriate alternative model approximation
the vmax Can provide an estimate of thik; (17). Hence, we for the related bacteriorhodopsin proteiri(12). However,
have measured thenax oOf retinylidene model pSBs in  the 13e€is solid model is anomalous since a large red shift
chloroform, with CI, Br-, and I as counterions and and a different slope were observed relative to those of the
butylamine as the amino group donor to establish the requiredall-trans form. In contrast, 13is-pSB in solution is not red-
6-s-cis conformation of the 1Lis-retinylidene SBs (Figure  shifted, like the 11cisform discussed here&9). In addition,
2). From such optical data, an empirical linear relation the difference between the slopes of the linear dependencies
transpires betweemn,ax and 1. (17). The via values of in the solid 13eis andall-trans models and in solution is in
the 11€is-pSBs and the correspondiati-trans compounds clear disagreement with theorylZ, 17). In particular, it
in chloroform (L7) appear to behave normally, in the sense cannot be excluded at this stage that packing effects or a
that they are very close (Figure 2). Evidently, the configu- three-dimensional lattice of charges can considerably affect
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Ficure 3: Putative model for the Schiff base surrounding rhodopsin
based on the Baldwin mode2,(42). A water molecule is situated
between the proton of the pSB and the carboxylate group of Glu113
via hydrogen bridges. Two other water molecules probably form a
hydrogen bridge network between the water molecule and polar
amino side chains of the protein in the vicinity of the pSB, like
Tyr43 of helix I, Thr92, Thr93, and Thr94 of helix I, and Thr289
and Thr297 of helix VII. Except for Thr297, these amino acid
residues are highly conserved in various rod pigments.

thevmax IN that case, a solution may be a considerably more
realistic model than the solid state.

Interestingly, using either eq 2 or 3, the isotropic shift
of 155.9 ppm of the pSB in rhodopsin corresponds with a
complex counterion. Thees is predicted to be relatively
large, and from eq 2, we obtaindg; of 0.43 nm. Since the
vmax Of rhodopsin is close to the intersection of the “solution
line” and the “solid line” in Figure 2, the distance calculated
with eq 3 is actually not much differentlgs = 0.42 nm).
Due to the square-root dependence in eqs 2 and 3, smal
variations in the/ya have little effect on the calculated value
of der. On the basis of the data in Figure 2, we estimate that
det in rhodopsin is 0.43t 0.01 nm, which is close to the
value obtained previously for bacteriorhodopgg[= 0.42
nm (12)] and suggests a similar centegenter distance
between the counterion and the pSB nitrogen in these two
retinal proteins. This similarity probably also extends to the
contribution of HO molecules to the stabilization of the pSB.

Previous studies with rhodopsin suggest the presence of a

water molecule in the binding site of the protein that forms
a bridge between the SB and GlulB&{39). In addition,

a blue shift is observed upon extensive dehydration of
rhodopsin 40), while small changes in 0 vibrational bands
are detected upon formation of bathorhodopsii).( A
distance of 0.43 nm between the Glu and the SB would leave
sufficient space for inserting a water molecule. A corre-
sponding tentative model for the Schiff base environment,
based on models of Baldwin and Pogozhe®a 42), is
presented in Figure 3. In this model, one water molecule is

situated between the proton of the pSB and the carboxylate 13.

group of Glul13 via hydrogen bridges. Two other water
molecules probably form a hydrogen bridge network between
the water molecule and polar amino side chains of the protein
in the vicinity of the pSB, like Tyr43 of helix I, Thr92, Thr93,
and Thr94 of helix I, and Thr289 and Thr297 of helix VII.
Except for Thr297, these amino acid residues are highly
conserved in various rod pigments. Homology modeliag (
42) and electron cryomicroscopyd) indicate a considerably
longer distance from these amino acid residues to the Schiff

Creemers et al.

base nitrogen than from the Glu113 to the nitrogen. They
may contribute to the scaffolding of this complex counterion
environment.

CONCLUSIONS

Using the baculovirus/Sf9 expression system, we incor-
porated {x,e-*N]-L-lysine into rhodopsin and investigated
the protonated Schiff base linkage tn,¢-°N,]Lys—rhodop-
sin with CP/MAS®N NMR. The SB!*N resonates with an
isotropic shifto, of 155.9 ppm. This shows that the SB in
rhodopsin is protonated and is probably stabilized by a
complex counterion. Experimental modeling of the relation
between the'ma and the size of the counterion with a set of
11l<cisretinylidene pSBs provides strong evidence that the
charged chromophore in rhodopsin is stabilized by a coun-
terion with an estimated effective centerenter distance
(der) between the counterion and the pSB of 043.01
nm.

This study paves the way for the labeling and NMR
spectroscopy of seven-helix transmembrane G-protein-
coupled receptors and other eukaryotic membrane proteins,
which will be labeled soon using approaches similar to those
demonstrated here for the rhodopsin paradigm.
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